Background: Liver cancer stem cells (LCSCs) are responsible for the initiation, progression and chemoresistance of liver cancer. However, no agent targeting LCSC is available in the clinic to date. Here, we investigated the effects of targeting protein arginine methyltransferase 5 (PRMT5), an epigenetic regulator, on LCSCs and HCC using a novel PRMT5 inhibitor DW14800. Methods: Tumor spheroid formation culture was used to enrich LCSCs and assess their self-renewal capability. Human alpha-1-antitrypsin (A1AT) ELISA, acetylated low-density lipoprotein (ac-LDL) uptake, periodic acid-Schiff (PAS) reactions and senescence associated β-galactosidase (SA-β-gal) activity assays were performed to examine the differentiation status of HCC cells. The effects of DW14800 on HCC malignancy were assessed in HCC cell lines and on an HCC xenograft model in mice. Chromatin immunoprecipitation was applied to clarify the transcriptional regulation of HNF4α by PRMT5-mediated Histone H4 arginine-3 symmetrical dimethylation (H4R3me2s). Results: Quantitative real-time PCR revealed that the expression of PRMT5 was upregulated in LCSCs. DW14800 specifically decreased the symmetrical dimethylation of arginine residues in HCC cells. Treatment of DW14800 suppressed the self-renewal capacity of LCSCs while re-establishing hepatocyte-specific characteristics in HCC cells. DW14800 displayed antitumor effects in HCC cells in vitro and in xenograft HCC in vivo. Importantly, ChIP assay showed that PRMT5 and H4R3me2s bound to the promoter region of HNF4α gene, and DW14800 increased the expression of HNF4α via reducing the H4R3me2s levels and enhancing the transcription of HNF4α. Conclusions: Our data revealed the significance of targeting PRMT5 activity in LCSC elimination and HCC differentiation, and proposed that DW14800 may represent a promising therapeutic agent for HCC in the clinic.
Introduction
Liver cancer is the sixth most common cancer and the fourth leading cause of cancer death worldwide in 2018 [1] [2] [3] . The mortality of liver cancer rose by 1.6% per year in men and by 2.7% per year in women from 2011 to 2015 while the death rates for the other 4 major cancers (lung, breast, prostate, and colorectal) declined [1] . Hepatocellular carcinoma (HCC), comprising 75%-85% cases of liver cancer, is one of the most common cancer with an extremely poor prognosis [2] . Sorafenib, a multikinase inhibitor, was licensed as the first FDA approved first-line targeted drug for advanced HCC [4] . However, the efficacy of sorafenib is far from satisfactory in clinical practice [5, 6] . Thus, the identification of novel targets for HCC treatment is urgently needed.
Cancer stem cells (CSCs) are a small subset in cancer and thought to be responsible for tumor initiation, maintenance, heterogeneity, and chemoresistance [7, 8] . Identifying targets that are critical for CSC function is important for the development of novel cancer therapies. Epigenetics is crucial for the regulation of stem cells, progenitor cells and CSCs. It has been hypothesized that histone methylation and DNA methylation could "reset" CSCs toward differentiation [8] [9] [10] [11] . Recent studies have indicated that epigenetic modulators could be anticipated to serve as new targets for cancer prevention, diagnosis and treatment.
Protein arginine methyltransferase 5 (PRMT5), the predominant type II PRMT, catalyzes the formation of ω-N G -monomethyl arginine (MMA) and symmetric ω-N G ,N G -dimethylarginine (SDMA) and specifically methylates a wide spectrum of substrates, including histone substrates [12] [13] [14] [15] [16] . Symmetric dimethylations in histones H4 residue Arg3 (H4R3) and H3 residue Arg8 (H3R8) catalyzed by PRMT5 remodel the chromatin structure to repress transcription and play important roles in epigenetic control of gene expression [17] [18] [19] . PRMT5 is associated with the development of leukemia, lymphoma, glioblastoma, lung and breast cancer and has attracted attention as a novel drug target [20] [21] [22] [23] [24] . Two types of PRMT5 inhibitors, SAM competitive inhibitors and SAM uncompetitive inhibitors, have been developed over the past few years. Among these inhibitors, the SAM-uncompetitive PRMT5 inhibitor EPZ015666 has displayed effective anti-tumor activity in MCL xenograft animal models [25] . Recent studies suggested that PRMT5 is upregulated in patient HCCs and may play a role in hepatocarcinogenesis [26] [27] [28] , suggesting that targeting PRMT5 may have therapeutic effects on HCC. Nevertheless, effect of PRMT5 inhibitors on HCC remains unclear.
Hepatocyte nuclear factor 4α (HNF4α) is a liver-enriched transcription factor and plays a key role in hepatocyte differentiation. HNF4α expression is inversely associated with HCC differentiation status and HNF4α reduction is a critical molecular event during hepatocarcinogenesis [29] . Our previous studies suggested that HNF4α delivery could reverse the malignant phenotypes of HCC by inducing the redifferentiation of HCC cells toward hepatocytes [30] . Moreover, HNF4α can suppress hepatocyte epithelial-mesenchymal transition (EMT) and cancer stem cell generation to block hepatocarcinogenesis [31] . Recent studies have successfully converted hepatoma cells to hepatocyte-like cells with forced expression of HNF4α, HNF1α, and FOXA3 [32, 33] . These studies have suggested the differentiation therapy with HNFs is an effective strategy for HCC treatment.
In this study, we found that PRMT5 is upregulated in LCSCs and involved in the maintenance of LCSCs. Targeting PRMT5 activity with a novel PRMT5 inhibitor DW14800 significantly eliminated the HCC malignancy and re-established the hepatocyte features in HCC cells via upregulating the transcription of HNF4α.
Methods

Cell lines and cell cultures
The human HCC cell lines Huh-7 and Hep3B were obtained from Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cell lines were routinely tested for mycoplasma contamination using a Mycoalert detection kit (Lonza) and authenticated by short tandem repeat analysis. Huh-7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated fetal bovine serum (FBS). Hep3B cells were cultured in Eagle's minimum essential medium (MEM) supplemented with 10% FBS and nonessential amino acid (NEAA). Primary human hepatocytes were obtained from Xeno Tech and cultured in William's E medium (Xeno Tech) containing 50 μg/ml penicillin-streptomycin and 6 μg/ml insulin.
Reagents
The compound EPZ015666 was purchased from Selleck. The compound DW14800 was designed by structure-based drug design and the structural optimization according to EPZ015666, and synthesized by Drug Discovery and Design Center, Shanghai Institute of Materia Medica [34] .
RNA interference
Small interfering RNA for PRMT5 (5′-GCCCA GUUUGAGAUGCCUUAU-3′), HNF4α (5′-CCACAU GUACUCCUGCAGA-3′) and the negative control (NC) (5′-UUCUCCGAACGUGUCACGU-3′) were purchased from GenePharma (Shanghai GenePharma Co., Ltd, Shanghai, China).
Real-time PCR
Total RNA was isolated from cells or tissues following the standard Trizol (Takara) protocol. First-strand cDNA was synthesized from total RNA using the RT Master Mix (Takara). Transcript levels were detected using SYBR Green-based real-time PCR performed by the ABI StepOne Real-time PCR Detection System (Life Technologies). The mRNA levels were normalized to those of β-actin mRNA. At least three independent experiments were performed using each condition. Primer sequences are shown in Table S1 .
Western blotting analysis
Proteins were extracted using lysis buffer (125 mM Tris-HCl pH 6.8, 25% glycerol, 5% SDS) supplemented with protease inhibitor (Roche), separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred onto nitrocellulose membranes (HAHY00010, Millipore). The membranes were blocked in PBST containing 5% skim milk and then incubated with primary antibody. After incubation with a secondary antibody (donkey-anti-mouse or donkey-anti-rabbit, IRDye 700 or IRDye 800, respectively), signals were quantified using an Odyssey infrared imaging system (LI-COR) at 700 nm or 800 nm. The following primary antibodies were used: SDMA (Cell Signaling), PRMT5 (Abcam), HNF4α (Santa Cruz), H4R3me2s (Active Motif), and GAPDH (Boster).
Tumor spheroid formation culture
Huh-7 and Hep3B cells were seeded into ultra-low-attachment dishes and cultured in serum-free DMEM/F12 supplemented with 2% B-27, 20 ng/ml epidermal growth factor (EGF), 20 ng/ml basic fibroblast growth factor (bFGF) and 4 mg/ ml glutamine. The tumor spheres formed in 2 weeks. To detect the effect of DW14800 on the primary tumor spheroid formation, Huh-7 and Hep3B cells pretreated with 1.0 μM DW14800 or dimethyl sulfoxide (DMSO) for 5 days were digested and cultured with spheroid formation medium in ultra-low-attachment 35 mm-dish at 5000 cells/dish. After 2 weeks, each dish was examined using a light microscope by choosing 10 fields of cells, and the total field number of spheres was counted. To detect the effect of DW14800 on the secondary tumor spheroid formation, the spheres formed by HCC cells were resuspended and counted and then were inoculated in ultra-low-attachment 96-well plates at 3 cells per well and cultured with spheroid formation medium containing DMSO or 1.0 μM DW14800. After 10 days, each well was examined using a light microscope, and the total well numbers and volumes of spheres were recorded. To further detect the effect of PRMT5 knockdown on the spheroid formation, Huh-7 and Hep3B cells were transfected with control siNC and siPRMT5 for 12 h and inoculated in ultra-low-attachment 35 mm-dish at 5000 cells/dish for primary spheroid formation assay. After 2 weeks, each dish was examined using a light microscope and the total field number of spheres was counted. Relative sphere volumes were calculated at the same time points using the following equation: volume=length×(width) 2 ×π/6.
Enzymatic selectivity test assays
The inhibition activity of DW14800 (compound 39) against PRMT1, PRMT3, PRMT4, PRMT6, PRMT7, and PRMT8 were evaluated as previously described [34, 35] .
Alpha-1-antitrypsin (A1AT) ELISA
Human A1AT was measured by the Human alpha-1-Antitrypsin ELISA Kit (Assay Pro) according to the manufacturer's instructions. For in vitro analysis, HCC cells were treated with 1.0 μM DW14800 in 6-well plates for 4 days, and then the medium was replaced by fresh medium without DW14800 for another 24 h. The supernatant was acquired and measured by the kit.
Periodic acid-Schiff (PAS) reaction
To assess stored glycogen, Huh-7 and Hep3B cells treated with 1.0 μM DW14800 for 5 days were stained with a PAS Reaction Kit (Shanghai Hongqiao Lexiang Medical Reagent Technology Co., Ltd., China) according to the manufacturer's instructions. In brief, the cells were fixed in 4% paraformaldehyde for 5 min and then oxidized in periodic acid for 15 min. After washing with ddH2O, the cells were incubated with Schiff's reagent for 5-20 min. The stored glycogen was visualized under a light microscope. Image analysis software (Image-Pro Plus 6.0, Media Cybernetics) was used to measure the stained area.
Acetylated low-density lipoprotein (ac-LDL) uptake assay
HCC cells were seeded in 12-well plates and treated with 1.0 μM DW14800 for 5 days, and then the medium was replaced by fresh medium containing Dil-Ac-LDL (Invitrogen) at a concentration of 10 μg/ml for 4 h at 37°C. Each well was observed and photographed using the fluorescence microscopy.
Senescence associated β-galactosidase (SA-β-gal) activity assay
Huh-7 and Hep3B cells were treated with DMSO, 1.0 μM or 4.0 μM DW14800 for five days. The senescence of the HCC cells was detected with a Senescence β-Galactosidase Staining Kit (Beyotime, China). The cells were fixed for 15 min with 4% paraformaldehyde in PBS and then incubated at 37 °C overnight with fresh senescence associated β-gal staining solution. The senescent cells were photographed under a microscope. Image analysis software (Image-Pro Plus 6.0, Media Cybernetics) was used to count the senescent cells.
Apoptosis assay
Huh-7 and Hep3B cells were treated with DMSO, 1.0 μM or 4.0 μM DW14800 for five days. The apoptotic cells were detected with an Annexin V-FITC/PI Apoptosis Kit (Multi Sciences) according to the manufacturer's instructions. The cells were harvested using 0.25% trypsin and washed twice by phosphate buffer saline (PBS), then resuspended in Binding Buffer at a concentration of 1 × 10 6 cells/ml. Cells were incubated with 300 μl PBS containing 5 μl Annexin V-FITC and 5 μl of propidium iodide for 15 min at room temperature in the dark. Cells were then evaluated by FACS (Navios, Beckman Coulter, CA, USA).
Cell proliferation assay, migration and invasion assay
Huh-7 and Hep3B cells were plated into 96-well plates at 3 × 10 3 /well and cultured in medium containing DW14800. The number of metabolically active cells was determined using the Cell Counting Kit-8 (CCK8, Dojindo, Tokyo, Japan) every 2 days for 1 week. In the rescue experiments, HCC cells transfected with siNC or siHNF4α were plated into 96-well plates at 8 × 10 3 /well and cultured in medium containing DW14800. Then, the cell viability was detected on day 3.
In vitro migration and invasion assays were performed using Transwell chambers (BD Bioscience), without or with Matrigel, according to the manufacturer's instructions. In brief, 4 × 10 4 HCC cells for migration assay and 6 × 10 4 HCC cells for invasion assay in serum-free medium containing DW14800 were seeded in the upper chamber. Medium supplemented with FBS and the same concentration of DW14800 was added into the lower chamber. After incubation for 48 h at 37 °C, cells remaining on the upper membrane were removed with cotton swabs. Cells on the lower surface of the membrane were fixed and stained with 0.1% crystal violet, 20% methanol. Five fields of cells on the lower membrane were photographed and counted to estimate cell density. Image analysis software (Image-Pro Plus 6.0, Media Cybernetics) was used to measure the stained area. At least three independent experiments were performed for each condition.
Human HCC xenograft model
Male athymic BALB/c nude mice (5 weeks old) were purchased and maintained under specific pathogen-free conditions with a 12 h on/off light cycle. One million Huh-7 cells were inoculated subcutaneously in the right flank. When tumors reached an average volume of approximately 60 mm 3 , the mice were randomly divided into two groups (8 animals per group) and injected with DMSO or 0.5 mg DW14800 (0.5 mg in 100 μl DMSO) intratumorally (i.t). Mice were sacrificed, and tumors were excised and weighed. Tumor volumes were calculated according to the following equation: volume=length×(width) 2 ×π/6.
Immunohistochemical staining and TUNEL staining
Formalin-fixed paraffin-embedded sections were deparaffinized in xylene and rehydrated in graded alcohols. Endogenous peroxidase was blocked by 3% H 2 O 2 followed by antigen retrieval. Slides were incubated with primary antibodies overnight at 4 °C and incubated with a secondary antibody at room temperature for 30 min. The following primary antibodies were used: Ki67 (Santa Cruz), SDMA (Cell Signaling), and HNF4α (Abcam). The staining was developed using an EnVision Detection Rabbit/ Mouse Kit (GK500710, GeneTech, Shanghai, China). Immunohistofluorescence of TUNEL staining was performed on paraffin-embedded tumor sections according to the manufacturer's instruction (Beyotime).
Chromatin immunoprecipitation (ChIP) assay
Huh-7 cells were harvested and cross-linked in 1% formaldehyde for 10 min at room temperature. Then, cells were added with 125 mM glycine and incubated for 5 min at room temperature. Cells were washed with precooled PBS and centrifuged. Then, we discarded the supernatant and resuspended the cells in FA lysis buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA pH 8.0, 1% Triton-X-100, 0.1% SDS, protease inhibitor). The samples were sonicated and 50 μl of products were removed to assess the DNA fragment size. The remainder was stored at -80 °C. Antibodies for control IgG (Cell Signaling), H4R3me2s (Active Motif) and PRMT5 (Santa Cruz) were used for immunoprecipitation. DNA extracted from 10 μl pre-immunoprecipitated samples was used as input controls. Beads were washed with low-salt ChIP wash buffer (0.1% SDS, 1% Triton-X-100, 2 mM EDTA pH 8.0, 150 mM NaCl, 20 mM Tris-HCl pH 8.0) 3 times and then high-salt ChIP wash buffer (0.1% SDS, 1% Triton-X-100, 2 mM EDTA pH 8.0, 500 mM NaCl, 20 mM Tris-HCl pH 8.0) once. The immune-precipitated chromatins were eluted with ChIP elution buffer (1% SDS, 100 mM NaHCO3) and incubated at 37 °C for 30 min, followed by 6 h at 65 °C to reverse the cross-links. DNA was amplified by quantitative real-time PCR and normalized to the input. The primer in the eIF4E promoter was used as a positive control [36] . The primer for a nonspecific site was used as the negative control [37] . Primer sequences are shown in Table S2 .
Statistical analyses
Data analyses were performed with Prism 5 (GraphPad Software, La Jolla, CA). For experiments involving only two groups, data were analyzed with Student's t-tests. The data for animals are presented as the mean ± SEM. Other data are presented as the mean ± SD. Statistical significance was set at * P < 0.05, ** P < 0.01, and *** P < 0.001. P < 0.05 was considered statistically significant.
Results
Targeting PRMT5 activity suppresses the self-renewal capability of LCSCs.
To identify the key epigenetic regulators in LCSC maintenance, we examined the expression of various epigenetic modulator enzymes, including histone arginine methyltransferase (PRMT1 and PRMT5), histone lysine methyltransferase (EHMT2 and SETD8) and DNA methyltransferase (DNMT1 and DNMT3B), in LCSCs enriched by spheroid culture. As shown in Figure S1 , the levels of stemness-associated genes, including LIN28, SOX2, SMO, OCT3/4, KLF4, NANOG and CD13, as well as the LCSC marker CD133 were evidently increased in the LCSC-enriched spheres. As expected, the expression of some epigenetic modulators was increased in LCSCs. Interestingly, the levels of PRMT5 were increased more robustly in the stem-like tumor spheres compared to other enzymes ( Figure 1A) . Importantly, knockdown of PRMT5 dramatically decreased the expression of stemness genes in HCC cells ( Figure S2A-D) , indicating that PRMT5 may play an important role in maintaining the pluripotency of LCSCs.
Our recent study reported a new class of potent PRMT5 inhibitors designed by a structure-based strategy. These inhibitors bound to the substrate binding site of PRMT5 and presented high selectivity over other PRMTs [34] . We then evaluated the effect of this class of inhibitors on targeting PRMT5 and LCSCs in HCC cells. One of these inhibitors, DW14800 (also called Compound 39) with high activity against PRMT5 (IC50 = 17 nM) ( Figure S3A, B) , reduced the cellular symmetric dimethylarginine in HCC cells and the PRMT5-mediated methylation marks, H4R3me2s and H3R8me2s, in a dose-dependent manner, whereas no obvious decrease of asymmetrical dimethylarginine was detected ( Figure S3C-E) . More importantly, inhibition of PRMT5 with DW14800 suppressed the expression of stemness genes in HCC cells ( Figure 1B) .
We next investigated the effect of DW14800 on the sphere formation of HCC cells. Huh-7 and Hep3B cells were pretreated with DMSO or DW14800 and cultured in sphere-forming medium for 2 weeks. About 62 and 66 tumor spheres were observed in the DMSO group, whereas only 22 and 30 spheres formed in the DW14800-treated group in Huh-7 and Hep3B cells, respectively ( Figure 1C) . Moreover, the size of the tumor spheres formed from HCC cells pretreated with DW14800 was markedly smaller than those from the control cells ( Figure 1D, E) . We also performed a secondary spheroid formation experiment with Huh-7 and Hep3B cells. The result showed that DW14800 treatment significantly reduced the formation of spheres from passaged primary spheres ( Figure 1F-H) . Consistently, knockdown of PRMT5 also remarkably suppressed the sphere formation of HCC cells (Figure S2E-G) . Collectively, these data suggested that targeting PRMT5 activity reduced the self-renewal capability of LCSCs.
Targeting PRMT5 activity re-establishes the expression profile of hepatocyte in HCC cells.
Since DW14800 decreased the expression of stemness genes in HCC cells, we then examined whether targeting PRMT5 activity affects the hepatic functions of HCC cells. Interestingly, real-time PCR showed that DW14800 treatment upregulated the expression of hepatocyte-specific markers, including glycogen synthetase 2 (GYS2), glucose-6-phosphatase (G-6-P), biliverdin reductase (BR), aldolase B (ALDOB), apolipoprotein C3 (APOCIII), transthyretin (TTR), and hepatocyte nuclear factor 1α (HNF1α) in both Huh-7 and Hep3B cells (Figure 2A) . Knockdown of PRMT5 in HCC cells also confirmed the effect of targeting PRMT5 on the expression of hepatic function genes ( Figure S2H, I ). In addition, ELISA assay showed that DW14800-treated HCC cells displayed a stronger capability for secreting the protein alpha-1-antitrypsin (A1AT) ( Figure 2B ). Periodic acid-Schiff (PAS) reactions showed that the typical hepatocyte function of storing glycogen was increased in HCC cells treated with DW14800 ( Figure  2C, D) . Moreover, DW14800 treatment enhanced the hepatic function of acetylated low density lipoprotein (ac-LDL) intake in HCC cells ( Figure 2E ). Furthermore, senescence associated β-galactosidase (SA-β-gal) staining revealed that DW14800 treatment induced the cellular senescence of HCC cells ( Figure  2F, G) . The proportion of apoptotic cells was significantly increased in HCC cells treated with DW14800 ( Figure 2H, I ). Taken together, we concluded that targeting PRMT5 activity results in the recovery of hepatic function in HCC cells and might induce the redifferentiation of HCC cells toward hepatocytes.
DW14800 exhibits robust therapeutic effect on HCC cells.
Previous studies have reported that the downregulation of PRMT5 led to the impaired proliferation and invasion of HCC cells [26] . Therefore, we assessed the therapeutic effect of DW14800 on HCC cells. As shown in Figure 3A , DW14800 significantly inhibited the proliferation of HCC cells in a dose-dependent manner. The transwell assays revealed that DW14800 remarkably suppressed the migration and invasion of HCC cells ( Figure 3B, C) . EPZ015666 is the first PRMT5 inhibitor that bound to the substrate binding site with a hydrogen bond and hydrophobic interactions, the antitumor activity of which has been confirmed in MCL xenograft models [25] . Herein, we found that the IC50 of DW14800 against the proliferation of Huh-7 The data are presented as the mean ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001. and Hep3B cells was 2.7 μM and 1.4 μM, respectively, which is much lower than EPZ015666 ( Figure S4 ). We also confirmed that DW14800 could inhibit the malignancy of HCC cells in a superior manner than EPZ015666 ( Figure S5 ). The last but not the least, DW14800 treatment (1.0 μM), which dramatically impaired the survival of Huh-7 cells, had no obvious toxicity on primary human hepatocytes ( Figure S6 ), suggesting its translational value in cancer therapy. The data are presented as the mean ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001. Immunohistochemical staining and TUNEL assay showed the reduction of Ki67 expression and levels of SDMA along with an increase in DNA strand breaks in the DW14800 group compared to those in the control group. Scale bars = 50 μm. The data for animals are presented as the mean ± SEM. * P < 0.05, ** P < 0.01.
We next explored the potential therapeutic effects of DW14800 on HCC xenografts in mice. The size and weight of HCC xenografts treated with DW14800 were significantly less than the control xenografts ( Figure 3D-F) . Moreover, the reduced levels of symmetric dimethylarginine were confirmed in DW14800-treated HCC xenografts ( Figure 3G, H) . Furthermore, immunohistochemical staining and TUNEL assay of tumors also showed that DW14800 treatment resulted in a remarkable decrease of Ki67 positive cells in parallel with an increase in apoptotic cells ( Figure 3H ). Taken together, our data suggested that DW14800 is a selective and active PRMT5 inhibitor with potent anti-HCC effect.
Targeting PRMT5 activity gives rise to HNF4α induction in HCC cells.
Our previous studies demonstrated that HNF4α delivery inhibited HCC growth through the induction of HCC cells differentiation toward hepatocytes [30, 31] . Interestingly, we found that DW14800 treatment markedly increased the mRNA and protein levels of HNF4α in Huh-7 and Hep3B cells ( Figure 4A, B) . Analysis of human HCC microarray data sets (R2: Genomics Analysis and Visualization Platform) revealed that HNF4α and PRMT5 are inversely correlated at the level of mRNA expression in human HCC samples (P < 0.001; N = 134) ( Figure 4C) . Importantly, the suppression of HCC cell proliferation by DW14800 was rescued upon HNF4α knockdown ( Figure 4D ), suggesting that DW14800 repressed HCC growth through, at least partially, targeting HNF4α. Consistently, the increased expression of HNF4α was detected in DW14800-treated HCC xenografts by real-time PCR, western blotting and immunohistochemical staining ( Figure 4E-G) . Previous studies have reported that PRMT5-mediated H4R3me2s marks specific repressed loci in mammals and facilitates gene repression [17] [18] [19] . Herein, our data showed that DW14800 also reduced the symmetrical dimethylation of H4R3 in HCC cells, whereas no obvious alteration of PRMT5 expression was observed ( Figure 5A, S3D) . To understand how DW14800 upregulates HNF4α levels, we examined whether H4R3me2s occupied the promoter region of the HNF4α gene. As shown in Figure 5B , four pairs of primers in different regions of HNF4α promoter were designed ( Figure 5B ). Quantitative ChIP experiments showed that both PRMT5 and H4R3me2s mark bound to the promoter region of HNF4α ( Figure 5C ). Moreover, ChIP assays revealed that the enrichment of PRMT5 and H4R3me2s at the HNF4α promoter was reduced by the treatment of DW14800 ( Figure  5D ). These results indicated that DW14800 promoted HNF4α transcription by regulating the binding of H4R3me2s to the HNF4α promoter. 
Discussion
Cancer stem cells, a minor proportion of cells in tumor bulk with distinct self-renewal ability, give rise to cancer initiation and facilitate cancer progression [38] [39] [40] . One previous study demonstrated that Prmt5 plays an essential role in the maintenance of pluripotency of mouse embryonic stem cells (ESCs) by repressing certain differentiation-associated genes [41] . Moreover, PRMT5 has been reported to be involved in the progression of multiple cancers, including leukemia, lymphoma, lung cancer, liver cancer, colorectal cancer and breast cancer [9, 19, 21, 23, [42] [43] [44] [45] [46] . Chiang et al. showed that PRMT5 exerted as a critical regulator of breast CSC survival via the epigenetic regulation of FOXP1 [9] . Additionally, Banasavadi-Siddegowda et al. reported that PRMT5 played an important role in the self-renewal of mature and undifferentiated GBM cells [22] . These studies imply that PRMT5 inhibitors might potentially eradicate CSCs and thus suppress tumor growth. Here, we found that PRMT5 plays an important role in maintaining the pluripotency of LCSCs and targeting PRMT5 activity with DW14800 significantly reduced the self-renewal capability of LCSC. Moreover, DW14800 treatment resulted in the recovery of hepatic function and increased cell senescence and apoptosis of HCC cells, indicating that targeting undifferentiated cancer cells (especially CSCs) by PRMT5 may be a promising approach for HCC therapy.
HNF4α is a key regulator in the hepatocyte differentiation during embryonic development. It is also important in the maintenance of the differentiated phenotype of mature hepatocytes in adult liver. Other groups and we have elucidated that HNF4α plays a critical role during the hepatocarcinogenesis [29, 31, 32] and HNF4α alone is sufficient to induce the differentiation of HCC [30] . It has been well accepted that symmetric dimethylation of H4R3 catalyzed by PRMT5 could repress the transcription of certain genes. In the current study, we found that targeting PRMT5 activity with DW14800 significantly increased HNF4α expression both in vitro and in vivo. In the further study, we found that targeting PRMT5 activity decreased the levels of H4R3me2s and thus facilitated the transcription of HNF4α. As expected, knockdown of HNF4α abrogated the decrease of cell proliferation triggered by DW14800. These data suggested that HNF4α functions as a downstream effector of PRMT5 and DW14800 treatment inhibited HCC growth at least partially through the upregulation of HNF4α. From a clinical standpoint, targeting PRMT5 might present as a promising strategy for differentiation therapy of HCC.
As an oncogene, PRMT5 has been suggested as a therapeutic target in a variety of cancers [15, 19, 25] . Various PRMT5 inhibitors have been discovered in recent years. Most of existed PRMT5 inhibitors were aimed for SAM-binding site and designed to disturb the interaction of SAM and PRMT5 [35, 47] . However, due to their native binding state, it is difficult to identify small molecules with inhibitory activity stronger than SAM. Fortunately, the discovery of EPZ015666 and its new binding site provides a new clue for developing non-SAM competitive inhibitors [25] . Most recently, we have identified DW14800 as a non-SAM competitive PRMT5 inhibitor based on EPZ015666 by structure-based drug design and structural optimization [34] . The identification of DW14800 offered us a tool to explore the biological effects driven by type II PRMT-mediated substrate methylation in cancer and other diseases. Herein, we revealed that DW14800 specifically targeted PRMT5 activity in HCC cells and eliminated the malignancy of HCC cells. Through applying DW14800, we achieved a better understanding of the PRMT5 function in HCC.
In conclusion, our study highlights the importance of PRMT5 in LCSC maintenance and proposes its significance in drug development targeting LCSCs. As anticipated, targeting PRMT5 activity with DW14800 suppressed the self-renewal capacity of LCSCs and induced the differentiation of HCC cells. Mechanistically, DW14800 increased the expression of HNF4α by decreasing PRMT5-mediated symmetric methylation of H4R3. These findings indicate that PRMT5 could be a novel therapeutic target in LCSCs and DW14800 may represent as a novel therapeutic agent for human HCC.
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